Abstract: An integrated timing jitter of 43 as [10 kHz-50 MHz] is measured from a semiconductor saturable absorber modelocked Cr:LiSAF laser. AM-to-PM transfer functions' characterization shows self-steepening is the dominant effect of excess timing jitter.
Ultrafast mode-locked lasers can generate ultralow-timing jitter optical pulse trains and microwave signals, respectively. Theoretical analysis predicts, that the timing jitter of a typical solid-state mode-locked laser is in the few attosecond regime at frequencies above 10 kHz [1, 2] . Therefore, ultrafast lasers are excellent low-jitter sources in many scientific and engineering fields [3] . The balanced optical cross correlation technique [4] permits direct optical-domain measurement of timing jitter with high sensitivity and sufficient temporal detection range. It has been utilized to demonstrate attosecond-regime timing jitter of passively mode-locked fiber lasers and solid-state lasers [5, 6, 7] , resulting in jitter values as low as 13 as within the Nyquist bandwidth for Ti:sapphire lasers.
Semiconductor saturable absorber mode-locked Cr:colquiriite lasers are promising alternatives to Ti:sapphire laser in some applications, due to their relatively low cost, high electrical-to-optical efficiency and overall compactness [8] . Understanding their timing jitter performance is a crucial step towards building compact and ultralow noise pulse sources. In the case of Cr:LiSAF lasers, the Gordon-Haus jitter [9] is a major factor, because the pulse's optical spectral width typically only fills part of the gain or saturable absorber's bandwidth. The real timing jitter, however, can exceed the quantum-limited value and be affected by AM-to-PM conversion and technical noise sources, such as relative intensity noise (RIN) of pump lasers [10] .
The rate equations for the four-level Cr:LiSAF laser system result in the transfer function of fluctuations of mode-locked average laser power as a result of pump power variations [11] . The saturable non-saturable and powerdependent losses of the saturable absorber account for the differences in relaxation oscillation frequencies and pump RIN coupling strengths for continuous-wave and mode-locked operations. The saturation parameter can therefore be identified by fitting the measured transfer functions to the modeled responses, which are both shown in Fig.1 The pump RIN induced intensity noise is further converted into timing jitter via self-steepening. The slow saturable absorber also produces AM-to-PM coupling due to pulse reshaping upon saturation and a simple model shows that this effect vanishes at 3 S  , and is close to maximum at 9.7 S  . However the corresponding conversion coefficient from laser RIN to timing jitter is much smaller than that due to self-steepening and therefore, the presence of the saturable absorber does not adversely affect timing jitter. In fact, the self-steepening effect is the dominant coupling mechanism. Calculations show that the self-steepening coupling factor [2] is at least 5 dB larger than that of the saturable absorber. This is confirmed by comparing the predicted timing jitter due to pump RIN to that directly measured with balanced cross-correlator. Fig. 2(a) shows the schematic of the experimental setup. Two identically-built 100-MHz Cr:LiSAF lasers, each pumped by two 640-nm laser diodes and mode-locked by a semiconductor saturable absorber are used. Each of them generates ~100 fs and ~1 nJ pulses around 850 nm. The single-crystal optical balanced crosscorrelator utilizes a type-II cut BBO crystal and a balanced detector to detect the relative temporal shift of pulses from the two lasers, whose repetition rates are synchronized up to an adjustable locking bandwidth of ~1 kHz to ~10 kHz. The measured timing jitter power spectral density (PSD) at 100-MHz carrier is shown in Fig. 1(b) . The detection sensitivity is -232 dBc/Hz, limited by the slope of the cross-correlationcurve (typically 240 mV/fs, shown in the inset of Fig. 1(a) ) and by the noise floor of the balanced detector. The RMS timing jitter integrated from 10 kHz to 50 MHz, the Nyquist frequency, is 43 as, most of which results from the detection noise floor. The computed timing jitter spectral density (curve iv) resulting from pump RIN and AM-to-PM conversion due to the selfsteepening, closely tracks the measured timing jitter spectral density (curve i), whereas the semiconductor saturable absorber's operation does not adversely affect timing jitter for a sufficiently large range of saturation parameters.
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